Abstract

23
Indian Ocean (IO) dynamics impact ENSO predictability by influencing wind and 24 precipitation anomalies in the Pacific. To test if the upstream influence of the IO improves 25 ENSO validation statistics, a combination of forced ocean, atmosphere, and coupled models are 26 utilized. In one experiment, the full tropical Indo-Pacific region atmosphere is forced by 27 observed interannual SST anomalies. In the other, the IO is forced by climatological SST. impactful mode of global climate variability on interannual time scales (e.g. [Lau and Nath, 45 2003], [Glantz, 2001] , [Horel and Wallace, 1981] ) but its prediction still has much to improve 46 upon (e.g. [National Academies of Sciences and Medicine, 2016] , [National Research Council, 47 2010]). For example, although six month lead forecasts from June 2014 confidently predicted 48 strong ENSO warm phase conditions based on heat storage anomalies, an event did not develop, 49 with the most likely explanation the failure to predict the absence of coupling between the ocean 50 and the atmosphere [McPhaden, 2015] .
51
There are several possibilities for this prediction failure which include 1) initial triggering 52 events (i.e. westerly wind bursts) were out of sync with an amplifying mode and with the typical 53 El Niño development timing (occurring 1 month earlier than for 1997 event) [Menkes et al., 54 2014], 2) negative feedbacks such as upwelling ocean waves may have damped warm ENSO sea 55 surface temperature anomalies (e.g. as happened for the 2002 event [Hackert et al., 2007] ), 3) 56 stronger trade wind easterlies associated with the cool phase of the Pacific Decadal Oscillation 57 (PDO) could have inhibited migration of the precipitation from the warm pool eastward [Min et 58 al., 2015] , and 4) Indian Ocean (IO) dynamics may have anchored deep convection over the 59 Indo-Pacific warm pool rather than allowing it to anomalously develop and couple with 60 central/eastern Pacific SST anomalies [Santoso et al., 2012] . 61 Here we focus on the last possibility by isolating the impact of the IO atmosphere on the 62 development of ENSO events. In previous work, [Wu and Kirtman, 2004] , [Annamalai et al., 63 2005], and [Annamalai et al., 2010] proposed that cold IO sea surface temperature anomalies 64 (SSTA) could generate an atmospheric Kelvin wave manifesting as equatorial westerly wind 65 anomalies over the western Pacific, deepening the thermocline in the eastern Pacific via large-scale oceanic Kelvin wave processes (e.g. [Kessler et al., 1995] ), and enhancing an ongoing El 67 Niño.
68 [Wu and Kirtman, 2004] uncoupled experiment (as in [Yu et al., 2002] ) and eastern upwelling associated with Kelvin 74 wave arrival is delayed by one month. The dominant period of variability is extended by half a 75 year by decoupling the IO, inconsistent with earlier work of [Yu et al., 2002] . Using a linear 76 atmospheric model and idealized SSTA forcing, [Wu and Kirtman, 2004] found that the producing the atmospheric Kelvin wave pattern and a weakening of the Walker circulation [Wu 82 and Kirtman, 2004] . Therefore, IO SST forcing results indicate a mechanism that can enhance 83 westerlies over the western Pacific resulting in development of stronger El Niño conditions.
84
Consistent with these results, [Annamalai et al., 2010] Unfortunately, all previous studies (i.e. [Wu and Kirtman, 2004] , [Annamalai et al., 2005] , and [Annamalai et al., 2010] , etc.) used idealized SSTA patterns and simplified linear atmospheric 113 models to show impacts of the IO on the wind field without assessing observed ENSO 114 predictability.
115
Our approach is to use a combination of ocean-only and coupled models to diagnose the 116 impact of the IO atmospheric teleconnections to ENSO predictability. We will use similar 117 techniques as in previous studies ( [Yu et al., 2002] , [Wu and Kirtman, 2004] , [Annamalai et al., 118 2005], [Annamalai et al., 2010] , and [Santoso et al., 2012] predictions through mechanisms associated with the atmospheric bridge as coined by [Alexander 126 et al., 2002] . We will use "atmospheric bridge", "atmospheric teleconnection" or "atmospheric 127 impact" interchangeably throughout the following text for this impact.
128
The organization of this paper is as follows. [Hackert et al., 2001; Murtugudde et 139 al., 1996; ]. Solar radiation (Earth Radiation Budget Experiment -140 ERBE) and interannual precipitation from the Global Precipitation Climate Project -GPCP 141 [Adler et al., 2003 ] are specified externally. Monthly anomalies of the cloud data [NCEP
142
Reanalysis Kalnay et al., 1996] are added to the Interannual Satellite Cloud Climatology Project
143
-ISCCP annual cycle [Rossow and Schiffer, 1991] in order to provide a more realistic mean.
144
Our OGCM uses the hybrid vertical mixing scheme of Chen et al. [1994] . Note that this model surface is allowed to vary freely as 160 a natural boundary condition ( [Huang, 1993] ) and only relaxes back to Levitus temperature and 161 salinity ( Figure 9 of [Kroeger and Kucharski, 2011] has been successfully coupled with other ocean models for the Pacific (e.g. [Kucharski et al., 199 2011]), Indian ( [Kucharski et al., 2006] ), and Indo-Pacific regions ( [Bracco et al., 2005] [Kucharski et al., 2013] (detailed in [Saha et al., 2010] ) along with the MOM4 ocean model ( [Griffies et al., 2004] 
Simulations and Analysis
Uncoupled Simulations
SSTA is calculated over 1993-2014 from the ocean model that is forced using all 237 available observed winds, cloudiness, and precipitation (described in Section 2.1). SPEEDY interannual SSTA from the Hadley Centre (HadISST, [Rayner et al., 2003] 
Analysis Techniques
Unlike all previous similar research, the impact of the IO on ENSO predictability is evaluated using observed quantities. Specifically, the observed NINO3 ( common variable, these correlations are not independent (known as correlated correlations).
Therefore, the Steiger's Z-test [Steiger, 1980] will be utilized to test the significance of the 282 differences between correlations as applied in [Uehara et al., 2014] [Picaut and Tournier, 1991] . Next, the technique derived by [Delcroix et al., 1994 ] is used to 295 296 separate the sea level anomalies geostrophic current data into Kelvin and Rossby components. 
Forced Ocean and Atmospheric Model Results
The results of the SPEEDY atmospheric model differences described in Section 3.1 are 300 designed to isolate the impact of the IO and are presented in Figure 
Discussion
Over most of the forecast period and particularly between 3 to 9 month lead times, that of [Santoso et al., 2012] and [Wu and Kirtman, 2004] the El Niño signal is enhanced/reinforced due to Bjerknes feedback.
401
To a large part, the previous discussion reinforces the conjecture of [Annamalai et al., 402 2010] who suggested that the impact of the IO would be to enhance the westerlies along the 
502
The off-equatorial easterlies represented in Figure 2a are a prominent feature but are 503 lacking in previous studies (e.g. [Wu and Kirtman, 2004] Figure 7d , [Annamalai et al., 2010] 504 Figure 7d ). There are several reasons why the simple atmospheric models that were used to 505 highlight the IO atmospheric teleconnections to the Pacific ( [Wu and Kirtman, 2004] and 506 507 [Annamalai et al., 2010] ) might lack the off-equatorial easterlies simulated in SPEEDY. In previous results, the IO SST field is idealized in some way or another. SPEEDY may play a role in forming the off-equatorial easterlies. When we limit the SSTA forcing in the IO to just the 1 st EOF of the simulated SSTA (not shown but a similar pattern as 513 [Wu and Kirtman, 2004] Figure 7a for the IO) for the forced SPEEDY AGCM, the anomalous 514 westerlies near the equator are enhanced: the atmospheric Kelvin wave is present as in previous 515 research but the easterlies off the equator remain.
516
The lack of a strong signal off the equator for the LBM results of the previous authors is 517 surprising considering the results of [Watanabe and Jin, 2003] . They used a similar model results, exploring differences further is beyond the scope of the current paper.
552
The combined impact of the zonal and meridional winds in the Pacific on the ocean can SSTA is generally forcing upwelling in this region. As [Annamalai et al., 2005] . 1993 . -Mar. 2011 . CFSRR coupled model results (black) are included to put our coupled results into the context of a more widely known coupled model. Individual correlations exceed the 95% significance out to 8.3 (35) and 10 months (34) (effective degrees of freedom) for red and black lines, respectively. Observation persistence is indicated by the thin black dotted line. This version of the SPEEDY coupled model assimilates all available satellite (sea level, SST) and in situ information (sea surface salinity and subsurface temperature and salinity) using the data assimilation technique described in [Hackert et al., 2014] . 
